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Abstract

Walker Pedigo and Maggie Smith: Retro-Structural Analysis of the Four Helix Bundle Motif in
Binuclear Proteins
(Under the direction of Dr. Saumen Chakraborty)

Protein structure is directly related to protein function. There are four levels of protein
structure: primary, secondary, tertiary, and quaternary. The interactions amongst the structural
components of a protein give rise to its unique characteristics. The four helix bundle motif is a
common structural trait in a variety of binuclear proteins. In this study, PyMOL, a molecular
visualization system, was used to analyze binuclear proteins that possess a four helix bundle.
Images of proteins containing dicopper, diiron, and dimanganese sites were captured. The images
were compiled into figures for each individual protein. After creating the figures, each protein
was further researched in order to better understand its unique functions and traits. Multiple
functionally similar proteins analyzed in this study share one common structural trait: a four
helix bundle. Alternatively, some other proteins expressing this motif differed in function.
Because of this, more studies should be conducted in order to determine the mechanism by
which the presence of a four helix bundle affects protein function.
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Chapter 1: Introduction
1.1 Protein Structure
Proteins are large, complex molecules that have many critical functions within living
organisms. Proteins are found throughout the human body and play a vital role in the regulation,
structure, and function of various cells, tissues, and organs.1 Proteins participate in nearly all
cellular functions including cell signaling, cellular transport, cellular structure, cellular storage,
immune system defense as antibodies, and acting as catalysts for chemical reactions.2

Image 1: Protein Structure Hierarchy. This image shows the four levels of protein structure:
primary, secondary, tertiary, and quaternary.

Protein structure is a key component when considering a protein’s function. Proteins are
composed of long chains of smaller units known as amino acids, which are linked together by
12

peptide bonds.3 The amino acids of proteins dictate various conformations. These conformations
are organized into different levels of complexity: primary, secondary, tertiary, and quaternary
structures. Primary structure is defined as the linear sequence of amino acids in a protein.4 A
protein’s unique amino acid sequence dictates the three-dimensional conformation the folded
protein will exhibit. In turn, this conformation ultimately determines the protein’s function.5
Secondary structure is defined as the spatial conformations of the protein backbone. The
elements of secondary structure include alpha helices and beta sheets.4

Image 2: Alpha Helix Model. This image shows an animation of the structure of an alpha helix.
The hydrogen bonds between the C=O and N-H groups are displayed by the red dotted lines.
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The alpha helix has a coiled structure and is predominantly right-handed. Alpha helices
are helical structures that are stabilized or unstabilized by side chain interactions within a
protein. Alpha helices are formed when a polypeptide twists around itself, hydrogen bonding
C=O and N–H groups to every fourth protein and forming a cylindrical structure.3 The hydrogen
bonds between the C=O and N–H groups are the primary stabilizers of the alpha helix structure.5
Helices are often configured in bundles. A helix bundle refers to several helices grouped together
in a parallel or antiparallel configuration. A parallel configuration is one in which the C- to Nterminals are aligned and parallel to one another whereas an antiparallel is a configuration in
which the C- to N- terminals are not aligned with one another. Turns change the direction of the
protein in the secondary structure. Turns often serve as connecting regions between separate
components of secondary structure and give rise to a protein’s tertiary structure. Tertiary
structure refers to the spatial arrangement of the secondary structure.4
The chemical properties of a protein’s amino acid sequence gives rise to all of the
functions of a protein. As a protein synthesizes, units of secondary structure begin to interact
with each other, which ultimately leads to a protein fold. When protein folding occurs, amino
acids that are not near each other in the primary structure are brought closer together in the
tertiary structure. The interactions amongst the R-groups of amino acids in the protein and
between the polypeptide backbone play a critical role in protein folding, thus serving as a key
component of the tertiary level of protein structure. As protein folding occurs, the protein shapes
into a non fibrous three-dimensional structure. These non fibrous proteins are known as globular
proteins. The interactions that drive globular protein formation also serve as structural stabilizers.
These interactions include hydrogen bonding, ionic interactions, hydrophobic forces, disulfide
bonds, ionic bonds, and metallic bonds. Treatments such as pH changes, detergents, and heat are
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capable of overpowering the stabilizing forces, causing the protein to unfold. In nature, some
proteins are formed from multiple proteins. The interaction between multiple protein subunits
forms the quaternary structure. The weak interactions between protein subunits contributes to the
stabilization of the protein’s overall structure. A common example of a protein that exhibits the
quaternary level of protein structure is hemoglobin. Hemoglobin consists of two subunits,
encoded by two different genes, as well as the hemoglobin prosthetic group. The multi-subunit
structure of hemoglobin is the primary differentiator from its single subunit relative, myoglobin.5

1.2 Binuclear Proteins and the Four Helix Bundle Motif
Over half of proteins contain protein metal-binding sites. Metalloproteins are responsible
for important functions including photosynthesis, cellular respiration, nitrogen fixation, and
several other vital processes in nature and within the body.6 The metal active sites of various
metalloproteins exist between a multitude of secondary structure elements, thus promoting a
retro-structural approach to constructing models for the metalloproteins’ respective active sites.
Most proteins incorporate a limited repertory of metal ion cofactors to assist in the catalyzation
of many chemical reactions. Diiron proteins are a common example of metalloproteins that carry
out a variety of functions. In hemerythrins diiron sites assist in the reversible binding of oxygen,
whereas diiron sites function as hydrolytic centers in phosphatases. In addition to their function
in hemerythrins and phosphatases, similar diiron sites mediate a multitude of oxygen-dependent
oxidative processes. Diiron proteins often catalyze epoxidation, desaturation, and hydroxylation
reactions. The diiron active site ribonucleotide reductase from the bacteria Escherichia coli is
responsible for the production of a Tyr radical. Diiron proteins carry out many biochemical
functions and can be found in various living organisms.7
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In addition to diiron proteins, many dicopper proteins are prevalent in nature. Some
dicopper proteins include tyrosinases, catechol oxidases, and arthropod and mollusk
hemocyanin. These binuclear copper proteins offer a wide range of different functions and
exhibit many different properties. In animals, tyrosinases are responsible for the first step of
melanin production, the conversion of phenols to ortho-diphenols, and the two-electron oxidation
of ortho-diphenols to quinones. Tyrosinases are also responsible for the conversion of L- tyrosine
to 3,4-dihydroxy-L-phenylalanine (L-DOPA) and oxidation of L-DOPA to L-DOPAquinone.
Similarly, catechol oxidases are responsible for the two-electron oxidation of ortho-diphenols to
quinones, but are not involved with the conversion of phenols to ortho-diphenols. Hemocyanin is
an extracellular protein responsible for the transportation of oxygen in arthropods and mollusks.
Hemocyanin makes up a large component of the circulatory fluid, hemolymph, in arthropods and
mollusks. Deoxygenated hemocyanin consists of a pair of Cu(I) atoms that bind dioxygen, which
produces two Cu(II) centers. Oxygenated hemocyanin is responsible for the blue color of
hemolymph, which contrasts to the red color of blood in organisms that utilize hemoglobin for
the transportation of oxygen. The special properties and ligands of the binuclear active sites of
hemocyanin are extremely conserved. However, both arthropod and mollusk hemocyanin are
very unique and offer insight into the variety of functions of proteins with binuclear copper
sites.8
Dimanganese proteins carry out a wide array of functions in the natural world.
Manganese catalase, bacterioferritin, and dimanganese ribonucleotide reductase are examples of
proteins with dimanganese sites. In general, catalases function as surveillance enzymes,
protecting organisms from oxidative damage by lowering the amount hydrogen peroxide
produced from oxygen metabolism in cells. Manganese catalases are prevalent in a few bacteria,
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specifically, Thermus thermophilus. Manganese catalase from Thermus thermophilus consists of
six subunits. Each subunit contains a pair of Mn ions. Manganese containing bacterioferritin is
another frequently analyzed protein. Bacterioferritin consists of iron containing heme groups and
multiple manganese centers. Bacterioferritin functions in iron storage and electron transport.9
Ribonucleotide Reductase is a type of enzyme that assists in the production of DNA precursors
for DNA synthesis in all living organisms. Ribonucleotide reductases are the centerpiece for
many antiproliferative drugs that aim to hinder the cell’s ability to replicate, making these
enzymes a major point of focus in the field of medicine.10
All of the previously mentioned proteins exhibit a wide array of different functions.
However, all of these proteins are linked by a common structural motif: The four-helix bundle.
The four-helix bundle is a common structural motif in natural proteins. A four-helix bundle is
observed when four alpha helices are packed together lengthwise, in a parallel or antiparallel
fashion. The four alpha helices within the bundle are often derived from either a single
polypeptide chain or four polypeptide chains. The motif can be examined as a domain within
much larger protein structures and as an isolated three-dimensional fold. The helices of
four-helix bundles generally consist of approximately twenty residues, which is twice as many as
the average bundle. Four helix bundles are also amphipathic with hydrophobic residues buried in
the center. The four helices are capable of diverting apart in order to generate a binding pocket
for metal ions and cofactors. Several classes of the four-helix bundles have been identified and
analyzed. These classes include: the up-down-up-down topology, in which consecutive helices
alter direction and have short connections, the up-down-down-up topology, where there is an
extended loop or crossover between the second and third helices, and the up-up-down-down
topology in which there are two long crossover connections between the first and second helix
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and the third and fourth helix. There are multiple subclasses within each class of four helix
bundle topology. This variety and simplicity has made the four helix bundle motif a common
objective for protein design.11
The four helix bundle is one of the simplest structural motifs and can be examined in a
multitude of proteins with a variety of different functions. In this study, a variety of binuclear
metalloproteins exhibiting the four-helix bundle motif were researched, imaged, and discussed.
These proteins and their respective Protein Data Bank (PDB) codes were categorized by three
different metals: copper, iron, and manganese, and organized into Table 1, Table 2, and Table 3
respectively.

Table 1: Copper Proteins

18

Table 2: Iron Proteins

Table 3: Manganese Proteins

Each protein in the tables above displays a variety of different functions and chemical
properties. Structurally, however, all share a common motif: the four-helix bundle. The purpose
of this research study was to examine the presence of the four-helix bundle in several different
binuclear proteins, and its possible effects on protein function.
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1.3 Materials and Methods
The materials used to conduct research for this project included PyMOL, RCSB Protein
Data Bank (PDB), Google Sheets, Google Slides, and two Logitech three-click mouses. Proteins
analyzed in this study were extracted from five provided literature sources. The literature sources
included the names and/or PDB codes of various proteins that exhibit the four-helix bundle
motif. Each four-helix bundle containing protein from the literature was organized into a Google
Sheets spreadsheet document. The proteins were categorized into copper, iron, and manganese
containing proteins. Then, each metal category was further categorized by protein name, PDB
code, ligand, function, and PDB link within the spreadsheet document. RCSB PDB was used to
individually search for each protein. Once the respective protein was successfully identified
within the Protein Data Bank, the protein’s structure was analyzed using PyMOL, a molecular
visualization system. Once the protein structure was uploaded to PyMOL, an image of the
protein and surrounding water molecules was produced as seen in Example Image 1.
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Example Image 1: Screenshot of Rubrerythrin in PyMol. RUBRERYTHRIN; PDB Code: 1RYT;
Surrounding water molecules represented as red dots. Metals shown as spheres. Surrounding protein
structure is shown in green.

First, all surrounding water molecules were removed from the structure for increased
visibility. This was done by selecting “hide” in the “all” tab, and clicking “waters” as shown by
the yellow arrow in Example Image 2.
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Example Image 2: Hide Waters RUBRERYTHRIN; PDB Code: 1RYT; Command: Hide waters.

Next, an image of the full protein structure was captured and saved to a slide within its
own Google Slide as Image A. Then, the protein’s full amino acid residue sequence was
displayed by clicking “Display” and then “Sequence” in the PyMOL toolbar. This is shown in
Example Image 3.
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Example Image 3: Display Sequence. RUBRERYTHRIN; PDB Code: 1RYT; Command: Display
sequence. Sequence shown in green lettering indicated by bottom yellow arrow.

After displaying the protein’s residue sequence, a second image displaying the metal
active site and surrounding four helix bundle was captured by highlighting the four helix bundle
surrounding the metal active site (Example Image 4),
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Example Image 4: Highlight Bundle RUBRERYTHRIN; PDB Code: 1RYT; Command: Highlight
bundle.

changing the four-helix bundle’s residue color (shown by step in Example Image 5, Example
Image 6, and Example Image 7).
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Example Image 5: Display Color Menu. RUBRERYTHRIN; PDB Code: 1RYT; Command:
Display color menu.
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Example Image 6: Color by Element. RUBRERYTHRIN; PDB Code: 1RYT; Command: Select new
color by element (nine different color options available).
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Example Image 7: Bundle Color Selection. RUBRERYTHRIN; PDB Code: 1RYT; Image after bundle
color selection.

hiding all residues (steps shown in Example Image 8, Example Image 9 and Example Image
10).

Example Image 8: Show Hide Menu. RUBRERYTHRIN; PDB Code: 1RYT; Command: Show hide
menu.
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Example Image 9: Hide Cartoon. RUBRERYTHRIN; PDB Code: 1RYT; Command: Hide cartoon.

Example Image 10: Resulting Image RUBRERYTHRIN; PDB Code: 1RYT; Resulting image after
hiding cartoon
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and reshowing the bundle (steps shown in Example Image 11, Example Image 12, and Example Image
13).

Example Image 11: Show Menu. RUBRERYTHRIN; PDB Code: 1RYT; Command: Select show menu.

Example Image 12: Display Selected as Cartoon. RUBRERYTHRIN; PDB Code: 1RYT; Command:
Display selected as cartoon.
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Example Image 13: Resulting Image with Bundle and Metals Visible. RUBRERYTHRIN; PDB Code:
1RYT; Resulting image with bundle and metals visible.

The image (as seen in Example Image 13) was then cropped, saved to the same Google
Slide as Image A, and labeled as Image B. Then, an image of the metal active site and bound
residues was captured using several steps. First, the metal sphere scale was decreased by entering
the code: set sphere_scale, 0.5 into the space above the residue sequence (Example Image 14
and Example Image 15).
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Example Image 14: Set Sphere Scale. RUBRERYTHRIN; PDB Code: 1RYT; Command: set
sphere_scale, 0.5.

Example Image 15: Sphere Scale Adjustment Image. RUBRERYTHRIN; PDB Code: 1RYT;
Resulting image with sphere scale adjustment.

Next, the selected metal active site was left clicked in order to display an options menu.
Within the options menu, the following items were selected in the following order: “actions,”
“around,” and then “atoms within 4Å” (Example Image 16 and 17).
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Example Image 16: Select Atoms within 4A of Metal Site. RUBRERYTHRIN; PDB Code:
1RYT; Command: select atoms within 4 angstroms (4A) of metal site.

Example Image 17: Image with Bound Residues. RUBRERYTHRIN; PDB Code: 1RYT; Image with
bound residues.
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Once the residues were fully displayed, the surrounding four helix bundle was deleted,
leaving only the metal center and bound residues visible (steps shown by Example Image 18
and Example Image 19).

Example Image 18: Hide Bundle Cartoon. RUBRERYTHRIN; PDB Code: 1RYT; Command:
select bundle in sequence bar, hide cartoon.

33

Example Image 19: Resulting Image of Metals and Bound Residues. RUBRERYTHRIN; PDB Code:
1RYT; Resulting image of metals and bound residues.

The bond distances between the metals and spheres were then measured by clicking
“Wizard” and “Measurement” in the PyMOL toolbar (Example Image 20).
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Example Image 20: Apply Measurement Setting. RUBRERYTHRIN; PDB Code: 1RYT;
Command: Apply measurement setting.

Once the measurement setting was applied, bond distances were measured and displayed
by clicking the metal active site and the bonded residue sequentially (Example Image 21).

Example Image 21: Resulting Image with Bound Distance Measurements Visible.
RUBRERYTHRIN; PDB Code: 1RYT; Resulting image with bond distance measurements visible
35

Then, each residue was labeled by selecting each individual residue, left clicking, and
selecting “label” and then “residues” (Example Image 22 and Example Image 23).

Example Image 22: Label Residues by Name. RUBRERYTHRIN; PDB Code: 1RYT; Command:
label residues by name.

Example Image 23: Final Image with Labeled Residues and Measurements. RUBRERYTHRIN;
PDB Code: 1RYT; Final image with labeled residues and measurements.
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Once all bond measurements and residue labels were visible, the image was captured,
cropped, and uploaded to the Google Slide as Image C, thus completing a singular figure
containing three images, the protein’s name, and PDB code (Example Image 24).

Example Image 24: Final Figure in Google Sheets. RUBRERYTHRIN; PDB Code: 1RYT; Final
Figure in Google Slides.

This process was repeated for each analyzed protein. Lastly, a short summary of each
protein figure was written and used to discuss the significance of the four helix bundle motif’s
presence as it pertains to protein functionality.
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Chapter 2: Copper Binuclear Proteins
Each figure in this section represents a single protein and contains three images. Image A
shows the complete image of a protein structure. Image B shows the four helix bundle along with
the metal site of the protein. Image C shows the metal site and bonded residues within 4A of the
metal spheres in the protein, as well as residue names and bond distances.

Figure 1: Crystal structure of deoxygenated Limulus Polyphemus subunit II hemocyanin.
The PDB code for this protein is 1LLA. Image A shows the complete view of 1LLA in PyMol.
Image B shows the helices along with the metal active site of the protein. Image C shows the
residues within 4Å of the copper binding site.
The crystal structure of deoxygenated Limulus Polyphemus (Atlantic horseshoe crab)
subunit II hemocyanin contains an antiparallel four-helix bundle. The dicopper center, which is
represented by spheres, is bound to six different histidines. Each copper atom is bound to three
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histidines. All bond measurements between copper spheres and residues were within 1.9Å-2.3Å.
One measurement that is not shown in the figure is the distance between the copper ions and the
oxygen binding site. In PyMol, the distance between the two copper spheres is 4.6Å.

Figure 2: Arthropod Hemocyanin. The PDB code for this protein is 1OXY. Image A shows the
complete view of 1OXY in PyMol. Image B shows the helices along with the metal active site of
the protein. Image C shows the residues within 4Å of the copper binding site.
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Figure 2 contains images of the oxygenated form of hemocyanin from Limulus
Polyphemus. Similar to Figure 1, Arthropod Hemocyanin contains an antiparallel four helix
bundle, and each copper sphere is bound to three histadines. However, in the presence of oxygen,
the average bond distance between the copper spheres and bound residues is slightly higher. All
bond distances are within 1.9Å-2.4Å. The distance between the two copper spheres in the
oxygenated form of arthropod hemocyanin is 3.6 +/- 0.2Å, which is nearly 1Å less than the
deoxygenated form.
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Figure 3: Crystal structure of hexameric haemocyanin from Panulirus Interruptus. The
PDB code for this protein is 1HCY. Image 1 shows the complete view of 1HCY in PyMol. Image
B shows the helices along with the metal active site of the protein. Image C shows the residues
within 4Å of the copper metal binding site.
Figure 3 shows hemocyanin in the deoxygenated, hexameric form. The bond distances in
this figure differ slightly from those in Figures 1 and 2. However, unlike the copper-copper
distance of 4.6Å in Figure 1, the copper-copper bond distance is approximately 3.5Å in this
protein. The four-helix bundle is in the antiparallel form.
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Figure 4: Oxygenated hemocyanin (Subunit Type II). The PDB code for this protein is 1NOL.
Image 1 shows the complete view of 1NOL in PyMol. Image B shows the helices along with the
metal active site of the protein. Image C shows the residues within 4Å of the copper metal
binding site.
Figure 4 is another image of oxygenated arthropod hemocyanin. The four-helix bundle is
antiparallel and all bond distances between copper spheres and histidine residues are within
1.9Å-2.3Å. However, unlike the copper-copper bond distance of 3.6 +/- 0.2Å in Figure 2. This
oxygenated form of hemocyanin shows a bond distance of 4.6Å between the two copper spheres.
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Figure 5: Crystal structure of a plant catechol oxidase containing a dicopper center. This is
a figure representing Catechol Oxidase from Ipomoea Batatas (Sweet Potatoes) in the Native
Cu(II)-Cu(II) State. The PDB code for this protein is 1BT1. Image A shows the complete view of
1BT1 in PyMol. Image B shows the helices along with the metal active site of the protein. Image
C shows the residues within 4Å of the copper metal binding site.
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Figure 6: Crystal structure of a plant catechol oxidase containing a dicopper center. This
figure represents Catechol Oxidase from Ipomoea Batatas (Sweet Potatoes) in the Reduced
Cu(I)-Cu(I) State. The PDB code for this protein is 1BT2. Image 1 shows the complete view of
1BT2 in PyMol. Image B shows the helices along with the metal active site of the protein. Image
C shows the residues within 4Å of the copper metal binding site.
Figures 5 and 6 show the structure of plant catechol oxidase. Figure 5 shows catechol
oxidase in the native Cu(II)-Cu(II) state. Figure 6 shows catechol oxidase in the reduced
Cu(I)-Cu(I) state. As seen in the figure, the four-helix bundle within catechol oxidase runs
antiparallel. The four-helix bundle is located in a hydrophobic region. Each copper sphere is
bound to three histidine ligands. Histidine-109 is covalently bonded to cysteine-92 via a thioester
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bond. All bond distances between bound residues and the copper spheres were within 2.0Å2.3Å.

Figure 7: Crystal Structure of the Hydroxylamine-induced deoxy-form of the
Copper-bound Tyrosinase. The PDB code for this protein is 2ZMZ. Image 1 shows the
complete view of 2ZMZ in PyMol. Image B shows the helices along with the metal active site of
the protein. Image C shows the residues within 4Å of the copper metal binding site.
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Figure 7 shows the deoxygenated form of copper-bound tyrosinase. The four-helix
bundle runs antiparallel. Both copper spheres in this protein are each bonded to three histidines.
All bond distances between copper spheres and histidine residues were within 2.0Å-2.3Å.

Figure 8: Crystal Structure of the met1-form of Copper-bound Tyrosinase. The PDB code
for this protein is 2ZMX. Image 1 shows the complete view of 2ZMX in PyMol. Image B shows
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the helices along with the metal active site of the protein. Image C shows the residues within 4Å
of the copper metal binding site.

Figure 9: Crystal Structure of the oxy-form of the Copper-bound Streptomyces
castaneaglobisporus Tyrosinase. The PDB code for this protein is 1WX2. Image 1 shows the
complete view of 1WX2 in PyMol. Image B shows the helices along with the metal active site of
the protein. Image C shows the residues within 4Å of the copper metal binding site.
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Figure 8 and Figure 9 show two different sets of images of tyrosinase from a singular
study within the Protein Data Bank. Both figures show four-helix bundles in an antiparallel
conformation. Figure 8 shows the dicopper centers bound to three histidine residues each, with
bond distances between 2.0Å-2.4Å. Figure 9 shows the dicopper centers bound to three
histidines with bond distances between 2.1Å-2.2Å. A tyrosine and phenol residue is also shown.
The bond distance from the tyrosine to the dioxygen site is 3.0Å. The bond distance between the
phenol residue and dioxygen site is 2.0Å.
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Figure 10: Crystal Structure of Tyrosinase from Bacillus megaterium. The PDB code for this
protein is 3NM8. Image 1 shows the complete view of 3NM8 in PyMol. Image B shows the
helices along with the metal active site of the protein. Image C shows the residues within 4Å of
the copper metal binding site.
The Crystal Structure of Tyrosinase from Bacillus megaterium in Figure 10 features an
antiparallel four helix bundle. Both copper spheres are bound by three histidines. All bond
distances between the copper spheres and histidines shown in Image C are within 2.0Å-3.9Å.
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Chapter 3: Iron Binuclear Proteins
Each figure in this section represents a single protein and contains three images. Image A
shows the complete image of a protein structure. Image B shows the four helix bundle along with
the metal site of the protein. Image C shows the metal site and bonded residues within 4A of the
metal spheres in the protein.

Figure 11: Stearoyl-Acyl Carrier Protein Desaturase from Castor Seeds. The PDB code for
this protein is 1AFR. Image 1 shows the complete view of 1AFR in PyMol. Image B shows the
helices along with the metal active site of the protein. Image C shows the residues within 4Å of
the iron metal binding site.
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Stearoyl-Acyl Carrier Protein Desaturase from Castor Seeds contains an antiparallel four
helix bundle. Each iron sphere is bound to two glutamic acids and one histidine. All bond
distances between residues and the iron spheres are between 2.0Å- 2.5Å. Tryptophan is also
pictured in Image C. This amino acid appears to be 3.6Å from the closest iron sphere.

Figure 12: Rubrerythrin. The PDB code for this protein is 1RYT. Image 1 shows the complete
view of 1RYT in PyMol. Image B shows the helices along with the metal active site of the protein.
Image C shows the residues within 4Å of the iron metal binding site.
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Rubrerythrin is a non-haem iron protein located in anaerobic sulfate-reducing bacteria,
and it contains an antiparallel four-helix bundle surrounding a diiron-oxo site. There are five
glutamic acids and one histidine bound to the iron spheres. The bond distances between the iron
centers and residues are between 2.2Å-3.0Å.
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Figure 13: Methane Monooxygenase Hydroxylase. The PDB code for this protein is 1MTY.
Image 1 shows the complete view of 1MTY in PyMol. Image B shows the helices along with the
metal active site of the protein. Image C shows the residues within 4Å of the iron metal binding
site.
Methane monooxygenase hydroxylase consists of an antiparallel four helix bundle
surrounding a dinuclear iron center. The imaged protein was derived from the bacteria
Methylococcus capsulatus. The iron spheres are each bound to two histidines and one glutamic
acid. However, when researching the protein’s file in the Protein Data Bank, the structure is
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described as possessing four glutamic acid residues in its active site. The bond distances between
the iron centers and residues in Figure 13 are between 1.8Å-3.6Å.

Figure 14: Escherichia coli Ribonucleotide Reductase Protein R2.The PDB code for this
protein is 1RIB. Image 1 shows the complete view of 1RIB in PyMol. Image B shows the helices
along with the metal active site of the protein. Image C shows the residues within 4Å of the iron
metal binding site.
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Escherichia coli Ribonucleotide Reductase Protein R2 contains an antiparallel four helix
bundle enclosing a diiron center. Attached to the iron spheres are histidines and glutamic acids.
These residues are between 1.8Å and 2.6Å of the iron spheres.
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Figure 15: Ribonucleotide Reductase R2F Protein. The PDB code for this protein is 1R2F.
Image 1 shows the complete view of 1R2F in PyMol. Image B shows the helices along with the
metal active site of the protein. Image C shows the residues within 4Å of the iron metal binding
site.
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Ribonucleotide Reductase R2F Protein contains an antiparallel four helix bundle with
iron spheres.The iron spheres are bound to one aspartic acid, two histidines, and two glutamic
acids. The bond distances between the iron spheres and residues are between 1.9Å - 2.5Å.

Figure 16: Ribonucleotide Reductase R2F Protein from Salmonella typhimurium (oxidized).
The PDB code for this protein is 2R2F. Image 1 shows the complete view of 2R2F in PyMol.
Image B shows the helices along with the metal active site of the protein. Image C shows the
residues within 4Å of the iron metal binding site.
Ribonucleotide Reductase R2F Protein from Salmonella typhimurium (oxidized) contains
an antiparallel four helix bundle with iron centers. Oxygen is shown as a red sphere. The iron
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spheres are bound to one aspartic acid, two glutamic acids, and two histidines. These ligands are
between 1.7Å and 3.5Å of the iron centers in this protein.

Figure 17: The Structure of Oxygenated Hemerythrin. The PDB code for this protein is
1HMO. Image 1 shows the complete view of 1HMO in PyMol. Image B shows the helices along
with the metal active site of the protein. Image C shows the residues within 4Å of the iron metal
binding site.
The Structure of Deoxygenated and Oxygenated Hemerythrin contains an antiparallel
four helix bundle with iron centers. These are bound to five histidines, one aspartic acid, and one
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glutamic acid. The bond distances between the iron spheres and the residues are 2.0Å and 3.2Å.
The oxygen is shown in red in Image C.
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Chapter 4: Manganese Binuclear Proteins
Each figure in this section represents a single protein and contains three images. Image A
shows the complete image of a protein structure. Image B shows the four helix bundle along with
the metal site of the protein. Image C shows the metal site and bonded residues within 4A of the
metal spheres in the protein.

Figure 18: Crystal Structure of Manganese Catalase. The PDB code for this protein is 1JKU.
Image 1 shows the complete view of 1JKU in PyMol. Image B shows the helices along with the
metal active site of the protein. Image C shows the residues within 4Å of the manganese metal
binding site.
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The Crystal Structure of Manganese Catalase contains a parallel four helix bundle with a
dimanganese center. The manganese spheres are bound to one arginine, two histidines, and three
glutamic acids. The bond distances between the manganese spheres and the residues are 1.9Å to
2.4Å.

Figure 19: The Structure of a Unique, two-fold, symmetric haem-binding site
(Bacterioferritin). The PDB code for this protein is 1BCF. Image 1 shows the complete view of
1BCF in PyMol. Image B shows the helices along with the metal active site of the protein. Image
C shows the residues within 4Å of the manganese metal binding site.
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Figure 19 shows a parallel four helix bundle with manganese centers. The manganese
centers are bound to two histidines and four glutamic acids. The bond distances between the
manganese spheres and the residues are between 2.0Å-2.1Å.
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Figure 20: Ribonucleotide Reductase Dimanganese(II)-Nrdf from Escherichia coli Complex
with Reduced Nrdl. The PDB code for this protein is 3N3A. Image 1 shows the complete view
of 3N3A in PyMol. Image B shows the helices along with the metal active site of the protein.
Image C shows the residues within 4Å of the manganese metal binding site.
Figure 20 shows a parallel four helix bundle with manganese centers. These centers are
bound to two aspartic acids, two histidines, and two glutamic acids. The bond distances between
the manganese spheres and the residues are between 2.2Å and 2.3Å.
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Chapter 5: Conclusions
5.1 Copper Binuclear Proteins
Hemocyanin is a binuclear copper protein and is involved in oxygen transport in
arthropods and mollusks. Hemocyanin contains an antiparallel four helix bundle. Four total
figures of hemocyanin were included in this research study with two figures showing the
deoxygenated form and two figures showing the oxygenated form. Upon researching articles
linked with each protein within its PDB page, key protein characteristics and traits of
hemocyanin were identified. When Limulus Polyphemus subunit II hemocyanin is
deoxygenated, domain 1 is able to rotate by nearly 8 degrees with respect to domains 2 and 3.
This rotation plays an important role in regulating oxygen affinity in arthropod hemocyanin.12
Also, the distance between the copper spheres of the deoxygenated form of hemocyanin were
measured to be 4.6Å, whereas in the oxygenated form the copper spheres were separated by
roughly 3.5Å. This difference is indicative of active site flexibility and is largely influenced by
the presence of a surrounding antiparallel four-helix bundle conformation.
Catechol oxidase is a plant enzyme involved in the oxidation of ortho-diphenols to
ortho-quinones. This reaction is coupled with the reduction of oxygen to water. Similar to
hemocyanin, the four helix bundle is antiparallel. Two figures of catechol oxidases were
produced. Tyrosinase is involved in the production of melanin in many organisms. Tyrosinase
shares multiple structural and functional similarities with catechol oxidase. Both proteins consist
of antiparallel four-helix bundles, are bound to at least three histidines, and share similar
metal-residue bond distances. Additionally, both proteins are capable of catalyzing the oxidation
of ortho-diphenols to ortho-quinones. However, only tyrosinase is capable of catalyzing the
conversion of phenols to ortho-diphenols, the conversion of L-tyrosine to

64

3,4-dihydroxy-L-phenylalanine (L-DOPA), and the oxidation of L-DOPA to L-DOPAquinone. 8
Further examination is needed in order to determine how the four-helix bundle affects both
proteins’ function. However, the presence of an antiparallel four-helix bundle is a key structural
trait that could link the functional similarities between the two proteins.

5.2 Iron Binuclear Proteins
Diiron proteins possess a wide array of functions and are commonly studied in many
living organisms. Diiron proteins frequently serve as catalysts for desaturation reactions.
Stearoyl-acyl carrier protein desaturase is a plant fatty acid desaturase that is responsible for the
conversion of saturated fatty acids to unsaturated fatty acids.13 The protein consists of an
antiparallel four helix bundle surrounding a diiron center. The iron centers of stearoyl-acyl
carrier protein desaturase are highly symmetric and are bound to two glutamic acid residues and
one histidine residue. Many of the characteristics of the protein’s active site are similar to various
other binuclear iron proteins that possess the four helix bundle motif.
Rubrerythrin is another example of a diiron protein with an antiparallel four helix bundle
configuration. Rubrerythrin is a non-heme diiron metalloprotein that functions as an oxidative
stress reliever in many anaerobic bacteria.14 Rubrerythrin’s four helix bundle is very similar in
structure to that of bacterioferritin, which is a key link between the two proteins’ function as
electron transporters.15
Methane monooxygenase hydroxylase is a monooxygenase protein that houses a diiron
center within a four helix bundle. The protein primarily functions as oxidoreductase and is
capable of oxidizing the carbon-hydrogen bonds within a variety of different alkanes, including
methane.16 Similar to methane monooxygenase hydroxylase, ribonucleotide reductase protein R2
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also functions as an oxidoreductase. Additionally, ribonucleotide reductase also serves as a
catalytic agent involved in DNA synthesis. Ribonucleotide reductase was analyzed by the
development of three different figures. The first figure, Figure 14, shows ribonucleotide
reductase from the bacterium Escherichia coli. The diiron center in this figure is deeply buried
within the R2 subunit. The diiron site consists of both carboxylic acid and histidine residues and
are bridged by the carboxylate group of the glutamic acid-115 residue. Figure 15 shows
ribonucleotide reductase protein R2F derived from Salmonella typhimurium and Figure 16
shows ribonucleotide reductase protein R2F derived from Salmonella typhimurium in the
oxidized form. The structures of ribonucleotide reductase R2 from Escherichia coli differ
slightly from the structure from Salmonella typhimurium. In the ribonucleotide reductase from
Escherichia coli, a pleated sheet is not observable, while a sheet is observed in the reductase
from Salmonella typhimurium structure.17 However, both proteins are considerably similar in
four helix bundle conformation and diiron active site orientation, thus confirming why the two
differentially derived proteins retain functional similarities. Furthermore, the presence of the four
helix bundle in the structures of methane monooxygenase hydroxylase and ribonucleotide
reductase is an important aspect to consider when analyzing both protein’s function as highly
specific catalysts.
Hemerythrin is an oxygen transport protein predominantly found in marine invertebrates.
Hemerythrin does not consist of a heme group but does possess a diiron center encapsulated by a
four helix bundle.18 The diiron binding site in hemerythrin is variably rigid and is abundant in
nitrogen-containing ligands. These binding site characteristics allow hemerythrin to reversibly
bind oxygen, a necessity as an oxygen transport molecule. Hemerythrin possesses an active site
that is considerably different from that of the oxygen transport protein hemocyanin.
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Hemerythrin’s diiron site is bound to differing residues than that of hemocyanin and the
average bond distance between said residues and metal sites differs by a considerable amount as
well. However, the presence of the four helix bundles in both proteins may aid in the two
molecules' ability to maintain viability in their deoxygenated and oxygenated forms, thus
increasing their functionality as oxygen transport proteins.

5.3 Manganese Binuclear Proteins
Catalases are enzymes that play a role in catalyzing the disproportionation of hydrogen
peroxide, breaking it into water and dioxygen. This particular reaction helps to eliminate high
hydrogen peroxide levels within the body of an organism. In other words, they prevent oxidative
damage within organisms.9 The Crystal Structure of Manganese Catalase contains a dimanganese
center that acts as the antioxidant metalloenzyme.19 The dimanganese center of this protein
contains bonds to one arginine, two histidines, and three glutamic acids with distances ranging
from 1.9Å to 2.4Å. Figure 18 shows manganese catalase from Lactobacillus plantarum. This
particular protein is classified as an oxidoreductase, which is similar in function to several diiron
proteins such as methane monooxygenase hydroxylase and ribonucleotide reductase. Catalases
are also found in certain bacteria including Thermus thermophilus.
The Structure of a Unique, two-fold, symmetric haem-binding site (Bacterioferritin)
contains a dimanganese center bound to two histidines and four glutamic acids with bond
distances of 2.0Å-2.1Å. Bacterioferritin forms a hollow structure and contains 24 identical
proteins along with 12 haems.20 Bacterioferritin contains dimanganese centers with iron
containing heme groups. The functions of bacterioferritin include regulating iron storage and
utilization, which is necessary for metabolism in microorganisms. The amount of iron stored in a
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microorganism is maintained within a certain range by bacterioferritin. When iron levels are too
high, bacterioferritin can isolate iron within a cavity in order to reduce oxidative stress on the
microorganism.21 The dimanganese center of bacterioferritin shares common characteristics with
enzymes containing diiron centers such as ruberythirin and desaturase.7
Ribonucleotide reductase of Escherichia coli initiates the reduction of ribonucleotides
(NTPs) to deoxynucleotides (dNTPs), which are the DNA precursors in all living cells. Figure
20 shows a ribonucleotide reductase with a dimanganese center bound to two aspartic acids, two
histidines, and two glutamic acids. Generically, ribonucleotide reductase activity is allosterically
regulated in order to control dNTP levels. In order for NTPs to be reduced, specific nucleotides
must bind to the active site. The binding of ATP or dATP contributes to regulating enzymatic
activity of ribonucleotide reductase. There are three different classes of RNRs: class I, class II,
and class III. Ribonucleotide Reductase Dimanganese(II)-Nrdf from Escherichia coli Complex
with Reduced Nrdl featured in Figure 20 is a class I ribonucleotide reductase. Class I
ribonucleotide reductases require an aerobic environment in order to function properly. Enzymes
in this class contain two homodimeric subunits, alpha or beta. The alpha subunit contains the
catalytic subunit in addition to two allosteric sites. The beta subunit contains a metallocofactor
that promotes the initiation of nucleotide reduction. Ribonucleotide Reductase
Dimanganese(II)-Nrdf from Escherichia coli Complex with Reduced Nrdl is specifically a class
Ib operon, and it encodes a flavodoxin. This particular type of ribonucleotide reductase generates
a tyrosyl radical. Class Ib ribonucleotide reductases are necessary for Escherichia coli formation
in high oxidative stress. This research indicates that class Ib ribonucleotide reductases operate
under special conditions.10
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